Previously we have demonstrated transglutaminase 2 (TGase 2) inhibition abrogated renal cell carcinoma (RCC) using GK921 (3-(phenylethynyl)-2-(2-(pyridin-2-yl)ethoxy)pyrido[3,2-b]pyrazine), although the mechanism of TGase 2 inhibition remains unsolved. Recently, we found that the increase of TGase 2 expression is required for p53 depletion in RCC by transporting the TGase 2 (1-139 a.a)-p53 complex to the autophagosome, through TGase 2 (472-687 a.a) binding p62. In this study, mass analysis revealed that GK921 bound to the N terminus of TGase 2 (81-116 a.a), which stabilized p53 by blocking TGase 2 binding. This suggests that RCC survival can be stopped by p53-induced cell death through blocking the p53-TGase 2 complex formation using GK921. Although GK921 does not bind to the active site of TGase 2, GK921 binding to the N terminus of TGase 2 also inactivated TGase 2 activity through acceleration of non-covalent self-polymerization of TGase 2 via conformational change. This suggests that TGase 2 has an allosteric binding site (81-116 a.a) which changes the conformation of TGase 2 enough to accelerate inactivation through self-polymer formation.
Introduction
Transglutaminase 2 (TGase 2) catalyzes intra-and intermolecular Nε-(γ-glutamyl)-lysine crosslinks (E.C. 2.3.2.13) between the γ-carboxamide groups of peptide-bound glutamine residues, which act as acyl donors, and the γ-amino groups of protein-and peptide-bound lysine residues, which act as acceptors (Folk 1983) . Recently, TGase 2 has been identified as a therapeutic target (Kang et al. 2016; Ku et al. 2013 Ku et al. , 2014 as well as a significant clinicopathologic marker in human clear cell renal cell carcinoma (RCC) (Park et al. 2015) . RCC shows highly increased expression of TGase 2 regardless of mutations, while low expression has been detected in the normal kidney epithelial cell. The high expression of TGase 2 is explained with down-regulation of mir-1285 that is responsible for suppression of TGase 2 in RCC (Hidaka et al. 2012) . We found that TGase 2 knockdown or TGase 2 inhibition stabilized p53 in RCC, which induced p53-mediated apoptosis because there is less than 4% mutation of p53 in RCC (Kang et al. 2016) . A recent report showed that TGase 2 is also a key molecular switch of necrosis-induced mesenchymal trans-differentiation by regulating master transcription factors such as C/EBPβ, TAZ, and STAT3 through GADD153 depletion in glioblastoma, which is correlated with recurrent mesenchymal patients and inversely correlated with patient prognosis (Yin et al. 2017) . Currently, despite the effort of many groups, no small molecule TGase 2 inhibitors are available for clinical trials.
Previously, we have introduced a pyrido[2,3-b]pyrazine derivative of TGase 2 inhibitor, GK921, 3-(phenylethynyl)-2-(2-(pyridin-2-yl)ethoxy)pyrido [2,3-b] pyrazine by inhibitory activity screening (Ku et al. 2014) . GK921 demonstrated RCC regression successfully through p53 stabilization with TGase 2 inhibition although the detail inhibitory mechanism remains to be answered (Ku et al. 2014) . TGase 2 inhibition using GK921 also blocked mesenchymal trans-differentiation and showed significant therapeutic effect in the mouse glioblastoma model (Yin et al. 2017) . Therefore, understanding the mechanism of GK921 inhibiting TGase 2 may lead to the development of a new therapeutic approach.
Materials and methods

TGase 2 activity assay
Succinylated casein obtained from Calbiochem (Cat. No. 573, 464) was dissolved as 2% in 0.1 M Tris-acetate buffer (pH 8.0) containing 10 mM CaCl 2 , 0.15 M NaCl, 1.0 mM EDTA (5 mM DTT added just before use). Putrescine dihydrochloride [1,4- 14 C] purchased from American Radiolabeled Chemicals, . 250 μCi of putrescine dihydrochloride dissolved in 122.5 ml DW, which gives 2 μCi/ml. TGase 2 purified from guinea pig liver for activity assay was obtained from Zedira (T006, Darmstadt, Germany). This was dissolved as 600 ng/μl in 50 mM Tris-HCl buffer (pH 7.5) containing 1 mM EDTA. 1X TEN buffer composed of 100 mM Tris-acetate buffer (pH 8.0), 1 mM EDTA, and 150 mM NaCl. Glass microfiber filters were purchased from Whatman GF/A (Cat. no. 1820-025).
In each assay vial, 48.58 μl of TEN buffer and 0.42 μl of 600 ng/μl gpTG2 were added. Then, 1 μl of four different concentrations of GK921 (0.1 mM, 0.5 mM, 1 mM, 5 mM) was added to the assay vial. The assay vials were pre-incubated at RT for 30 min. 140 μl of 2% succinylated casein (5 mM DTT) and 10 μl of 2 μCi/ml putrescine were added to each assay vial and incubated in 37 °C thermomixer for 30 min. Reaction was stopped by adding 2 ml of cold 5% TCA. The assay vials were fixed in 4 °C for at least 1 h. Assay mix was filtered onto glass fiber filter paper disc and washed with cold 5% TCA. Filter was placed into counting vial and 4 mL of scintillation cocktail solution was added. Counting vial was vortexed for 5 s and placed on shaker for 30 min before counting.
Antibodies and reagents
GK921 is synthesized by Y.-D. Gong' Laboratory. The following antibodies were used for TGase 2 (Cat. #MS-300-P0, Thermo Scientific, IL, USA, 1:1000), HA-probe (Cat. #sc-7392, Santa Cruz Biotechnology, TX, USA, 1:1000), p53 (Cat. #sc-126, Santa Cruz Biotechnology, TX, USA, 1:500), FLAG (cat. #F7425, Merck, USA, 1:1000), and human p53 recombinant protein (Cat. #BML-FW9370-0050, Enzo, NY, USA). To identify the TG2 binding site of GK921, the HA-pcDNA3.1/ TGase 2 quadruple point mutant type plasmid (Q95A, Q96A, Q103A, R116A) was constructed based on TGase2 wild-type plasmids which was previously described (Ku et al. 2013 ). The p3xFLAG p53 plasmid was constructed based on the p3xFLAG vector. The sequences of primer pairs used in the present study are listed in supplemental Table 1 . All constructs were confirmed by DNA sequencing.
Cell culture
A498, ACHN, RXF 393, TK10, CAKI-1 and UO31 cells were obtained from the National Cancer Institute (MTA: 2702-09). Cells were cultured in complete RPMI 1640 medium (Hyclone, UT, USA) containing 10% fetal bovine serum (Hyclone, UT, USA) in an atmosphere of 5% CO 2 and 100% humidity at 37 °C. HEK293 cells were cultured in Dulbecco's modified Eagle's medium (Hyclone, UT, USA) containing 10% fetal bovine serum.
Western blotting
Whole cell lysate was prepared using RIPA buffer containing 50 mM Tris-HCl, pH 8.0, with 150 mM sodium chloride, 1.0% Igepal CA-630 (NP-40), 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, protease inhibitor cocktail, and phosphatase inhibitor cocktail. Protein assays were carried out to normalize the proteins using a BCA protein assay (Thermo Scientific, IL, USA). Proteins were resolved by SDS-PAGE and were transferred to polyvinylidene difluoride (PVDF) membrane (Merck Millipore, MA, USA). Membranes were blocked in 5% BSA for 1 h at R.T. and incubated with indicated antibodies overnight at 4 °C. Membranes were washed in TBS-T for 1 h at R.T. and incubated with horseradish peroxidase-conjugated secondary antibody for 1 h at R.T. Finally, membranes were washed in TBS-T for 1 h at R.T. and developed using enhanced chemiluminescence.
SRB assay for anti-proliferative activity
GK921 was tested for anti-proliferative activity using the established method of sulforhodamine B (SRB). Cells (100 μl containing 5000-40,000 cells/well, depending on the doubling time of the individual cell lines) were incubated in 96-well microtiter plates. After 24 h, GK921 was added (100 μl) to each well and the cultures were incubated for 48 h at 37 °C. The cells were then fixed in 50% trichloroacetic acid (50 μl per well). The plate was incubated for an hour at 4 °C. The liquid was removed from the plate, which was then rinsed five times with water and allowed to dry at room temperature (RT) for approximately 12-24 h. The fixed cells were stained with 100 μl SRB for 5 min at RT. After staining, the plate was washed three times with 1% glacial acetic acid and dried at RT for approximately 12-24 h. The SRB stain was then solubilized in 10 mM Trizma base and the absorbance was read at 515 nm. The effect of the drugs was expressed as GI 50 (50% growth inhibition), TGI (total growth inhibition), or LC 50 (lethal concentration).
Analysis of GK921 binding site in TGase 2 by mass spectroscopy
Sample preparation-1 mM GK921 was incubated with 0.5 milliunit of purified recombinant human TGase 2 (T002, Zedira, Darmstadt, Germany) in a reaction mixture containing 100 mM Tris, pH 7.5, 100 mM NaCl, 1 mM EDTA and 2 mM MgCl 2 with or without each of the indicated. After 30 min at 37 °C, the reactants were analyzed separately by LC-MS/MS.
In-solution tryptic digestion-0.4 mg of protein samples was used for in-solution tryptic digestion, according to the manufacturer's instructions using filter-assisted sample preparation (FASP) protein digestion kit (Expedeon Inc., CA, USA). Briefly, the sample was mixed with 200 μl of urea sample solution in the spin filter and centrifuged at 14,000×g for 15 min. Proteins on the spin filter were alkylated by iodoacetamide (IAA). The alkylated proteins in the filter were washed, and 50 mM NH4HCO3 was added to the spin filter. Trypsin digestion was conducted at 37 °C overnight using MS-grade trypsin (Thermo Fisher Scientific, Rockford, IL, USA). After incubation, peptides were extracted by adding 50 µl of 0.5 M sodium chloride solution and centrifuging at 14,000×g for 10 min. Digested peptides were cleaned up using C18 Zip Tip (Millipore, MA, USA), evaporated using vacuum concentrator, and resuspended in 20 µl 0.1% formic acid for LC-MS analysis.
LC-MS/MS analysis and database search-The tryptic-digested peptides were analyzed by Q Exactive™ hybrid quadrupole Orbitrap mass spectrometer (Thermo Fisher Scientific, MA, USA) coupled with an Ultimate 3000 RSLCnano system (Thermo Fisher Scientific, MA, USA). The tryptic peptides were loaded onto trap column (100 μm × 2 cm) packed with Acclaim PepMap100 C18 resin, in which loaded peptides were eluted with a linear gradient from 5 to 35% solvent B (0.1% formic acid in ACN) for 30 min at a flow rate 300 nL/min. The eluted peptides, separated by the analytical column (75 μm × 15 cm), were sprayed into nano-ESI source with an electrospray voltage of 2.4 kV. The Q Exactive Orbitrap mass analyzer was operated in a top 10 data-dependent method. Full MS scans were acquired over the range m/z 300-2000 with mass resolution of 70,000 (at m/z 200). The AGC target value was 1.00E + 06. The ten most intense peaks with charge state ≥ 2 were fragmented in the higher energy collisional dissociation (HCD) collision cell with normalized collision energy of 25%, and tandem mass spectra were acquired in the Orbitrap mass analyzer with a mass resolution of 17,500 at m/z 200.
Database searching of all raw data files was performed in Proteome Discoverer 1.4 software (Thermo Scientific, IL, USA). MASCOT 2.3.2 and SEQUEST were used for database searching against Uniprot database. Database searching against the corresponding reversed database was also performed to evaluate the false discovery rate (FDR) of peptide identification. The database searching parameters included up to two missed cleavages allowed for full tryptic digestion, precursor ion mass tolerance 10 ppm, fragment ion mass tolerance 0.02 Da, fixed modification for carbamidomethyl cysteine and variable modifications for methionine oxidation and N/Q deamination. We obtained an FDR of less than 1% on the peptide level and filtered with the high peptide confidence.
Native gel electrophoresis
GK921 was incubated for 30 min at 37 °C in a buffer of 100 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, 2 mM MgCl 2 , 10 mM DTT with purified human recombinant TGase 2 (0.5 µg) (T002, Darmstadt, Germany), LDH (0.5 µg) and fibrinogen (0.5 µg). Laemmli native buffer (without SDS and reducing agent) was added and 0.2 µg of protein (TGase 2, LDH and Fibrinogen) was loaded onto 10% native gel using Tris/glycine as the running buffer at 4 °C. Following electrophoresis, the gel was stained with Coomassie dye and imaged using a flatbed scanner.
Gel electrophoresis
The samples were the same ones used in native gel electrophoresis. Laemmli buffer was added and 0.2 µg of protein (TGase 2, LDH and fibrinogen) was loaded onto 10% SDS gel using Tris/glycine as the running buffer. After electrophoresis, the gel was stained with Coomassie dye and imaged using a flatbed scanner.
Immunoprecipitation
To determine GK921 binding to TGase 2 in vitro, TGase 2 (100 ng) was incubated with GK921 (0, 0.5, 1 μM) for 10 min on 4 °C in 30 μl of reaction buffer containing 0.1 M Tris-Cl, 1 mM EDTA, 2 mM MgCl 2 , and 0.1 M NaCl, pH 8.0. Then, p53 (100 ng) was added to make a total of 40 μl reaction mixture, which reacted for 30 min on 37 °C. In binding test using cell line, HEK293 cells were transfected with HA-TGase 2 (2 μg) and 3xFLAG-p53 (1 μg). After 24-h transfection, HEK293 and ACHN cells were treated with 0, 0.5, 1.0 and 2.0 μM of GK921 for 24 h. Cell lysate was prepared using RIPA buffer for immunoprecipitation. Each lysate was mixed with antibodies (1 μg/ml) of p53 and HA at 4 °C overnight in immunoprecipitation buffer containing 50 mM Tris-Cl, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, pH 7.4 and reacted with 10 μl of protein A/G beads UltraLink Resin (50:50 resin: buffer slurry condition) (Peirce, #35133) for 2 h on RT for precipitation. After reaction and centrifugation at 3000 rpm for 3 min, the immunoprecipitated samples were washed with 500 μl of immunoprecipitation buffer by tapping and centrifuged. The washing was repeated five times before western blotting.
Isothermal titration calorimetry (ITC) assay: thioflavin T assay for the identification of GK921 binding
GK921 to be tested was dissolved at 1000, 500, 250, 125 and 62.5 μM in 100% DMSO. The final DMSO concentration was 1%. The ThT signal was quantified by averaging the fluorescence emission at 500 nm over 10 s when excited at 442 nm, using the TRIAD multimode detector TRIAD LT (Dynex Technologies, Chantilly, VA, USA) plate reader in 96-well black plates.
Molecular docking
Molecular docking experiments were performed using Discovery studio 2017, program version 4.5. 2Q3Z; a crystal structure of open conformation human TGase 2 was used as a protein molecule. A binding site was created with a radius of 10 Å around the ligand present in the N-terminal domain of TGase 2 by MS analysis results. GK921 and Thioflavin T were docked into the created binding site. All options were kept default during docking experiments. The final docking model was selected based on the binding mode and molecular interactions observed at the active site. Also, the calculation of non-covalent interaction and the drawing of 2D interaction diagram were made by Discovery studio 2017.
Results
GK921 inhibited TGase 2 activity in vitro
TGase 2 inhibitory effect of GK921 has been reported followed by development of GK13 quinoxaline derivative based on in vitro inhibition assay of recombinant human TGase 2 activity (IC50: 8.93 μM) as well as in vitro competition assay of p53 binding to TGase 2 (Ku et al. 2014 ). However, we did not find evidence how GK921 inhibits TGase 2 because GK921 does not have a warhead of attacking cysteine active site of TGase 2. The best answer is the co-crystallization of TGase 2 with GK921, but it is unable to obtain the suitable experimental results in a complexed situation due to folded or unfolded form of TGase 2 (Pinkas et al. 2007 ) as well as due to monomeric or dimeric formation by temperature dependence . GK921 (Fig. 1a) showed TGase 2 inhibitory activity as 8.93 μM of IC 50 under a modified assay condition, which concurred with a previous report (Ku et al. 2014 ) (Supple Fig. 1a ). Isothermal titration calorimetry (ITC) analysis also showed that GK921 binds TGase 2 in a dose-dependent manner (Fig. 1b) . Cell proliferating assay using sulforhodamine B (SRB) showed that GK921 induced cell growth inhibition in RCC cells (Fig. 1c) . All those six RCC cell lines showed highly increased expression of TGase 2 regardless of mutations (Ku et al. 2013) .
GK921 binding at the N terminus of TGase 2
To identify the binding site of GK921 in TGase 2, fluorescence experiment and mass analysis approach were adopted ( Fig. 1b and Supple Fig. 2) . Originally, this fluorescent material is frequently used for the observation of aggregation of amyloid beta. It observes the change in fluorescence that occurs when the ThT binds to the beta structure formed during aggregation. When GK921 was treated with ThT fluorescent probe bound to TGase 2 using the characteristics of the ThT, it was predicted that fluorescence would change due to the breakdown of ThT bound to the N-terminal beta structure of TGase 2. The concentration-dependent change was also observed as expected (Fig. 1b) . To identify blocking region of TGase 2 by GK921, mass analysis was performed using proteolytic digestion with two different peptidases after incubation of GK921 with recombinant human TGase 2 in vitro. We have identified that the N terminus of TGase 2 was the only overlapped blocking region from the results by digestion with two different peptidases (Fig. 2a, Supple  Fig. 2 ). Mass analysis was performed with a mixture of TGase 2 and GK921 after 30-min incubation at 37 °C.
The covered mass area by mass identification was marked in green (strong) and red (weak) while unidentified area was marked in black (Supple Fig. 2) . The mass analysis of TGase 2 with GK921 clearly reduced identification of the N-terminal region at 95-97 a.a by glu-c digestion compared to the control (Fig. 2a, Supple Fig. 2a, c) or at 81-116 a.a by trypsin (Fig. 2a, Supple Fig. 2b, d ). This implies that the binding region of GK921 is located at 81-116 a.a (Fig. 2a) . Previously, this N terminus of TGase 2 was identified as fibronectin (Hang et al. 2005) or a p53 binding region (Kang et al. 2016) (Fig. 2b) . The GK921 binding region was marked with red ribbon in the unfolded form of TGase 2 (Fig. 2b) . We have shown that in vitro TGase 2 inhibitory effect of GK921 was IC50: 8.93 μM (Supple Fig. 1a) (Ku et al. 2014) . Therefore, GK921 binds to the N terminus of TGase 2 (non-active site) as well as GK921 inhibits TGase 2 activity in vitro. The question remains whether GK921 binding to TGase 2 triggers (Lortat-Jacob et al. 2012 ) and a guanosine-tri/di-phosphate (GTP/GDP) binding site (476-478; 538-580 a.a) (Han et al. 2010; Liu et al. 2002; Noguchi et al. 2001 ). The C-terminal β-barrel 2 domain of TGase 2 contains heparin binding site (598-602 a.a) (Lortat-Jacob et al. 2012) and TGase 2 dimer (593-600 a.a) ). The combined β-barrel 1 and 2 domain of TGase 2 contains p62 (460-687 a.a) (Kang et al. 2016 ) and endostatin (460-687 a.a) binding site (Faye et al. 2010) conformational change as an allosteric effect of TGase 2 activity in vitro. Therefore, we have employed native gel PAGE to test whether GK921 induces conformational change in a dose-dependent manner.
GK921 triggered self-polymerization of TGase 2 through conformational change
GK921 induced conformational change of TGase 2 in a dose-dependent manner at 37 °C (Fig. 3a) , which is not a covalently changed conformation because SDS PAGE showed no change of molecular weight size. The acceleration of polymerization of TGase 2 has been observed by temperature increase only in the native PAGE . This conformational change of purified recombinant TGase 2 affects size-exclusion chromatography . TGase 2 triggers self-dimer formation from a monomeric state under 37 °C which is according to the previous report (Fig. 3a) . Native gel electrophoresis revealed that TGase 2 incubation with GK921 induced acceleration of self-dimer and self-polymers in a dose-dependent manner under 37 °C (Fig. 3a) . In contrast, SDS gel electrophoresis showed no molecular weight change at all (Fig. 3a) . This implies that TGase 2 self-polymerization is due to non-covalent interactions, such as hydrophilic or hydrophobic interactions, due to the change of TGase 2 conformation. To test whether GK921 binds proteins specifically, GK921 was incubated with two proteins of lactate dehydrogenase or fibrinogen (Fig. 3b) . Two proteins did not show dimer, trimer, polymer formations with GK921 either in the native gel or in SDS gel electrophoresis (Fig. 3b) . This implies that GK921 binding on TGase 2 may be specific.
Complex structure modeling of GK921 with TGase 2
From the results of the fluorescence assay (Fig. 1b) , mass analysis (Fig. 2a) , and a previously published paper (Kang et al. 2016) , GK921 binds to the N terminus of TGase 2. To support these results, the GK921 binding site was screened using computational analysis. First, the GK921 binding site was screened for the whole region of TGase 2 (PDB:2Q3Z) using the CDOCKER protocol to run a CHARMm-based molecular dynamics algorithm to dock GK921 into TGase 2 by Discovery studio. Interestingly, it was confirmed that the TGase 2 structure has a GK921 binding site at the N terminus in the several putative binding regions (Fig. 4a) . In silico analysis confirmed the possibility that the binding site of GK921 may be present at the N terminus; for this reason, the binding site of GK921 was narrowed to the N terminus region and analyzed. Thus, the binding site of GK921 is displayed on the surface of TGase 2, and GK921 binds to the hydrophobic region of TGase 2 (Fig. 4b) . The N-terminal structure of TGase 2 was converted to a solid ribbon model, and mass results of GK921 binding were shown in red. Thus, the result of the mass estimation and the computer analysis of the GK921 binding site showed 83-103 a.a of the N terminus of TGase 2, which concurred with the M/S analysis for the binding region in Fig. 2 (81-116 a.a) . The GK921 binding model showed that Val83, Glu85, Val93 and Gln103 of TGase 2 have a critical interaction with building blocks of GK921 (Fig. 4b) . From the gel electrophoresis results, the multimerization of TGase 2 is not increased in size irregularly, but it is doubled by dimer, tetramer, etc., regularly (Fig. 3a) . This multimerization is thought to occur under normal conditions, but the reaction rate is thought to be increased by GK921 binding. The N-terminal domain of TGase 2 (81-116 a.a) predicted to bind to GK921 was calculated to be a strong aggregation hot spot as a hydrophobic region (Fig. 4c) . The aggregation hot spot of the N terminal is covered by GK921 (Fig. 4d) . It is observed that the binding of GK921 induces increase of dimerization by conformational changes. Further studies about the multimerization mechanism of TGase 2 by GK921 are needed in the future.
GK921 inhibits p53 binding at N terminus of TGase 2
Previously we have tested whether GK921 directly binds to p53. When we had treated 1 μM of GK921 on HEK293 cells that presented no TGase 2 expression and wild-type p53, we have detected no p53 activity by BAX-luciferase reporter assay (Ku et al. 2014 ). GK921 has a very efficient anti-cancer effect on renal cell carcinoma by stabilization of p53 in a dose-dependent manner (Ku et al. 2014) . The N terminus (1-139 a.a) of TGase 2 is the binding region of p53 (Kang et al. 2016) . Therefore, GK921-induced p53 stabilization was an inhibition effect of p53 binding to TGase 2 by competition at p53 binding site of TGase 2. To test whether GK921 competes with p53 for binding to the N terminus of TGase 2, a mixture of TGase 2 and p53 was incubated with GK921 at 37 °C for 30 min in vitro (Fig. 5a) . Immunoblotting of TGase 2 after immunoprecipitation of p53 showed that GK921 reduced p53 binding to TGase 2 in a dose-dependent manner (Fig. 5a ). To determine whether GK921 has the same effect on cells, ACHN (Fig. 5b) cells and HEK293 transfected with HA-TGase 2 and 3xFLAG-p53 cells (Fig. 5c) were treated with GK921 for 24 h. The result showed that GK921 reduced TGase 2 binding to p53 in a dose-dependent manner (Fig. 5b, c) . To confirm the TGase 2 binding site of GK921 at N terminus of TGase 2 in Fig. 4 , we constructed TGase 2 quadruple point mutant targeting charged amino acids in the N terminus (Q95A, Q96A, Q103A, R116A) (Fig. 5d) . To test whether GK921 binds specifically to N terminus of TGase 2 around 81-116 a.a, HEK293 cells were treated with GK921 after cells were transfected with HA-TGase 2 WT, HA-TGase 2 MT containing point mutations at Q95A, Q96A, Q103A, R116A and FLAG-p53, respectively. Co-immunoprecipitation of TGase 2 was performed using anti-HA antibody and p53 binding was detected by immunoblotting with FLAG antibody as described in the methods (Fig. 5e ). Wild-type TGase 2 showed 50% reduction of p53 binding while mutant form of TGase 2 showed no reduction of p53 binding at 1 μM of GK921 treatment (Fig. 5e ). This confirms that GK921 binds at N terminus of TGase 2 around 81-116 a.a, which induces binding hindrance of TGase 2 to p53.
Discussion
Most TGase 2 inhibitor developers aim at the active site or the GTP binding site of TGase 2 based on X-ray crystal structures (Liu et al. 2002; Han et al. 2010; Pinkas et al. 2007) . Recent understanding of the TGase 2 structure involved unfolded (active) or folded (inactive) forms of TGase 2 regulated by calcium and GTP, respectively (Pinkas et al. 2007 ). The proposed theory was that TGase 2 was in a folded conformation with GTP as an inactive form. Calcium binding to TGase 2 would then release GTP, opening the active site as an active form. Although there is a limit in applying this theory to physiological conditions, because the unfolded form of the TGase 2 crystal was made with TGase 2 inhibitors under 4 °C, and also because the physiological GTP level is not sufficient to maintain TGase 2 in its folded form in every cell compartment, the theory was widely accepted until we found temperature-sensitive conformational change in TGase 2 . Recently, we found that TGase 2 without GTP is produced as an unfolded monomer under room temperature and undergoes non-covalent dimerization as an unfolded form over 30 °C (Fig. 3) . Unfolded dimeric TGase 2 is the most stable conformation of the enzyme at 37 °C (Fig. 3a , c) . Multimeric forms of TGase 2 can be processed through interactions between dimers and tetramers during incubation in vitro at 37 °C, but these are the results of protein-protein interactions without involving covalent crosslinks (Fig. 3a, c) ). This clearly suggests a challenging task for us to re-calculate cross-linking reactions by TGase 2 as an unfolded dimeric form instead of a folded monomeric form. In this study, we found that GK921 binding to TGase 2 induced non-covalent polymerization of TGase 2 (Fig. 3a, c) , which might be due to change of TGase 2 surface charge (Fig. 4c, d ). This implies that the GK921 binding site of TGase 2 (81-116 a.a) may be an allosteric site for triggering enzymatic conformation change. Interestingly, this GK921 binding site of TGase 2 is shared with the fibronectin binding site (88-106 a.a) (Gaudry et al. 1999) . It is easily understood that fibronectin binding to TGase 2 may trigger polymerization through Fig. 5 GK921 inhibits p53 and TGase 2 interaction. a To test whether GK921 binding to purified recombinant human TGase 2 competes with purified human recombinant p53 binding to TGase 2 in vitro, co-immunoprecipitation of p53 was performed using p53 antibody and immunoblotting was performed using TGase 2 antibody after incubation of TGase 2 with p53 and GK921 in a dose-dependent manner (0, 0.5, 1 μM). Immunoblots were quantified using densitometry. b To test whether GK921 binding to TGase 2 competes with p53 binding to TGase 2 in RCC cell, co-immunoprecipitation was performed using p53 antibody and TGase 2 binding to p53 was detected by immunoblotting with TGase 2 antibody after ACHN cells were treated with GK921. Immunoblots were quantified using densitometry. c To test whether GK921 binding to TGase 2 competes with p53 binding to TGase 2 in normal cell, cells were treated with GK921 in a dose-dependent manner after HEK293 cells were transfected with HA-TGase 2 and FLAG-p53 plasmids concomitantly. Co-immunoprecipitation of TGase 2 was performed using anti-HA antibody and p53 binding was detected by immunoblotting with FLAG antibody. Immunoblots were quantified using densitometry. d To indentify the TGase 2 binding site of GK921, we constructed TGase 2 quadruple point mutant (Q95A, Q96A, Q103A, R116A). e To confirm whether GK921 binds specifically TGase 2 N terminus, HEK293 cells were treated with GK921 after cells were transfected with HA-TGase 2 WT, HA-TGase 2 MT and FLAG-p53, respectively. Co-immunoprecipitation of TGase 2 was performed using anti-HA antibody and p53 binding was detected by immunoblotting with FLAG antibody. Data are representative of three independent experiments allosteric conformation change for matrix formation or blood coagulation as a substrate (Barsigian et al. 1991) . The mechanism of TGase 2-mediated iso-peptide formation has been elucidated using active site cysteine (C277) (Folk 1983; Folk and Chung 1973) . Iso-peptide formation involves three steps, namely the acylation of substrate A, transition of substrate A-enzyme-substrate B, and transamidation between A and B (Keillor et al. 2015) . In the acylation state, a catalytic triad was proposed as C277, H335, D358 using a folded form of TGase 2 by Liu et al. (2002) . Later, another model was suggested as C277, W241, W332 using an unfolded form of TGase 2 (Pinkas et al. 2007) . TGase 2 binds to GDP at S482 and R580 for formation of a folded form Liu et al. (2002) . TGase 2 has a cysteine triad around the active site (C277) as C230, C370, C371 (Han et al. 2010) , which can be disulfide bonded under oxidation for activity regulation (Stamnaes et al. 2010) . Although the crystallographic structure of the open conformation of TGase 2 proposed an acyl-donor substrate binding site (Keillor et al. 2015) , it is not enough for two large TGase 2 substrate molecules. Interestingly, TGase 2 establishes an iso-peptide bond between large proteins such as 340 kDa fibrinogen (Kimura and Aoki 1986) , 347 kDa huntingtin (Karpuj et al. 1999) , 40 kDa I-κBα (Lee et al. 2004) , 55 kDa p53 (Ku et al. 2013 ) and 45 kDa VEGF (vascular endothelial growth factor) (Zisch et al. 2001) . Therefore, active TGase 2 in its unfolded conformation is unable to fit between two large proteins due to the small size of the catalytic pocket. This clearly suggests that we need to re-calculate the cross-linking reaction by TGase 2 as an unfolded dimeric form instead of a folded monomeric form. GTP inactivates monomeric TGase 2 as a folded form below room temperature at high concentration. However, TGase 2 activity is likely controlled by the oxidative state instead of GTP binding, because the physiological level of GTP is less than 100 μM. Highly oxidative conditions were reported to keep TGase 2 in the inactive state in the absence of chemical stresses (Siegel et al. 2008) due to the formation of an inhibitory disulfide bond between the residues C370 and C371 (Han et al. 2010; Stamnaes et al. 2010 ).
In conclusion, GK921 binds at the N terminus of TGase 2 around 81-116 a.a, which induces binding hindrance of TGase 2 to p53. From this mechanism, it can be explained that GK921 has a very efficient anti-cancerous effect on renal cell carcinoma with high expression of TGase 2 by stabilization of p53 in a dose-dependent manner. Furthermore, the N terminus of TGase 2 (81-116 a.a) revealed to control TGase 2 activity as an allosteric binding site, which can trigger conformational change by binding GK921.
